The epoxy nanocomposites filled with 0.1, 0.5, and 1 wt% nanodiamonds (nanoD) were prepared and their properties were compared with neat epoxy network or epoxy nanocomposite filled with 1 wt% multiwalled carbon nanotubes (MWCNTs). The obtained nanoD-epoxy composites increased significantly thermal stability of prepared nanocomposites in comparison with neat epoxy matrix. The exponential decay of light transmittance with increasing concentration of nanoD in sample was observed. The values of storage modulus G` and glass transition temperature T g significantly decreased by addition of nanoD to epoxy network. This is caused by inhibition of cross-linking reaction of epoxy-and amino-groups by nanoD.
INTRODUCTION
Diamond is transparent to opaque, optically isotropic crystalline carbon. It is the hardest naturally-occurring material known -owing to its strong covalent bonding. This unique atomic structure and extraordinary mechanical properties could make it an ideal reinforcing agent. In combination with optical, thermal and electrical properties it could play an important role of composite chemistry.
It has been proposed that nanodiamonds (nanoD) could be used to produce cold cathodes and lightemitters. It is a unique material for miniaturized mechanical systems and devices, such as cantilevers and gears. In addition, surface hydrophobicity makes nanoD ideal for support of biological molecules, such as DNA, thus providing a material to integrate biological system with electronic devices [1] . Other known applications of nanoD are lubricating-cooling liquids, microabrasive or polishing compositions and magnetic recording systems [2] . Modified polymers are applied in the manufacture of aircraft, cars, tractors and ships, in medicine, chemical and petrochemical industries, production of seals, cutoff devices of various kinds, in protective and anti- [2, 3] . The use of nanoD as active filler of polymers proved to be very efficient [2, 3] . Fluoroelastomers-based coatings filled with nanoD have approximately 50 times lower permeability to hydrocarbons and polar solvents, 2 times higher elastic and strength parameters, and high resistance to thermal aging [3] . Polysiloxane-based coatings have 3 times higher tensile strength at also approximately 3 times greater absolute elongation with the set of elastic and strength characteristics improved by a factor of 3 -5 [3] . The elastic modulus and strength of rubbers based on polyisoprene, butadiene-styrene, butadiene-nitrile, as well as natural rubbers, have been considerably improved [3] . Detailed study of nanoD in epoxy matrices has been missed till recently, when article on the effect of CVD-diamond fibre-reinforced epoxy composites on thermal conductivity [4] and mechanical properties of composites with diamond particles dispersed into modified epoxy matrix [5] were published. However, in this case diamond particles in high concentration (up to 30%) and with particle size from 20 to 120 μm were applied.
EFFECT OF NANODIAMOND PARTICLES ON PROPERTIES OF EPOXY COMPOSITES
In our work the nanodiamonds (nanoD) with nar- Multi-walled carbon nanotubes MWCNTs were purchased from SUNNANNO (www.sunnanno.com). They were produced by chemical vapour deposition (CVD) from acetylene or liquified petroleum gas. The diameter and length ranged between 10-30 nm and 1-10 microns, respectively. Purity was over 90%. They were used for preparation of nanocomposites without additional chemical modification or purification.
Diglycidyl ether of Bisphenol A (DGEBA) -(SYN-PO a.s. Pardubice), poly(oxypropylen) diamine (Jeffamine D2000, molecular weight M = 2000) -(Huntsman Inc.) and toluene were used as received.
Sample preparation in rubber molds DGEBA and filler (nanoD or MWCNT) were dispersed in toluene by means of sonic probe for 1.5h. Then a stoichiometric ratio of poly(oxypropylene)diamine (Jeffamine D2000) (the ratio of functionalities C NH /C epoxy = 1) was added and sonicated for a next half hour. After toluene evaporation the oily solution was poured into a rubber mould, placed between two preheated Teflon plates and put in the oven for 3 days at 120°C.
Instrumental analysis
Dynamic-mechanical analysis (DMA) was performed with a rheometer ARES (Rheometric Scientific). Temperature dependence of the complex shear modulus of rectangular samples was measured at a heating rate 2 o C/min by oscillatory shear deformation at a frequency of 1 Hz.
Tensile properties were measured on an Instron model 5800 (Instron Limited) at laboratory temperature. Specimens (type 5B according to ISO 527 standard) were die-stamped from the films. The initial grip distance was 18 mm, the cross-head speed was 3.6 mm/s. Reported values are averages obtained with at least five specimens.
Transmission electron microscopy (TEM) was performed with microscope JEM 200CX (JEOL Japan). TEM microphotographs were taken at acceleration voltage 100 kV, recorded on a photographic film and digitized with a PC-controlled digital camera DXM 1200 (Nikon, Japan). Ultrathin sections for TEM, approximately 50 nm thick, were cut with ultramicrotome Leica Ultracut UCT, equipped with cryo attachment. Temperature during cutting was -80°C and -50°C for the sample and the knife, respectively.
Thermogravimetric Analysis (TGA).
Mass-loss/temperature curves were obtained with Perkin-Elmer TGA 7 apparatus, upgraded with Pyris 1 software. The samples were measured at a heating rate 10°C/ min. Nitrogen or air was used as a purge gas.
Light transmittance was measured using a homemade equipment, built from light source (He-Ne laser, 632.8 nm), lens system to wide primary beam and from photodiode as detection unit. Averaging of potential optical inhomogenities in sample was achieved by using wide laser beam (to cca 5 mm). The obtained signal was then recalculated to transmittance of undoped polymer material. Thickness of all samples was 1.8 mm.
RESULTS AND DISCUSSIONS
The present article is a continuation of the epoxynanocomposite research at our department. The extraordinary mechanical properties of nanoD, comparable with the properties of MWCNT, and improved mechanical properties of some nanoD filled polymers have given an assumption that nanoD could be
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a proper reinforcing material in epoxy matrices. We prepared and tested epoxy composites to confirm or disprove this assumption. The nanocomposites contained 0.1, 0.5 and 1 wt% nanoD in the epoxy matrix, respectively.
Morphology
Ultrasonic probe was used for homogeneous dispergation of the filler in the epoxy matrix. The nanoD containing nanocomposites were transparent against the light with no visible inhomogenities. The TEM micrographs, however, showed that nanoD tend to create large clusters. Fig. 1 (left) displays that 5 nm nanoD assemble into aggregates with a dimension up to hundreds of nanometers. In Fig. 1 (right) individual nanoD are visible in one of the aggregates. The aggregation is known for MWCNTs and in case of nanoD it was observed in polyimide and polydimethylsiloxane matrices. [6] .
Optical transparency
The main difference between physical properties of pure nanoD and pure MWCNTs is their transparency. While MWCNTs are a black powder, the pure nanodiamond crystal is colorless and transparent. NanoD powder is gray in colour due to diffuse scattering and reflection. The microparticles demonstrate no optical anisotropy [2] . The unmodified epoxy network transmitted 34% of light across the sample with thickness 1.8 mm. A small addition of black MWCNTs to the transparent epoxy network caused a total loss of light transmittance. The sam- There is visible that increasing amount of filler cause loss in the light transmittance. We can also say that when the filler concentration reached level 0.5 wt % (in range of studied composition) the light transmittance is stabilized around the value of 0.2 %. The transmittance will again increase with decreasing thickness of measured sample and in case of very thin films it could be comparable with transmittance of neat epoxy matrix. Measurements in polyimide matrices confirmed that scattering of nanoD-composites is particle-size dependant [6] . In all cases the light transmittance is enhanced in comparison to MWCNT-nanocomposites.
Thermal and thermo-oxidative stability
It is known that CVD diamond fibres increased thermal conductivity in epoxy composites [4] as well as nanoD increased thermal stability of PMMA matrices [6] . Unfortunately, a noticeable positive effect related to thermal stability of the PMMA matrices only begins in later stage after a significant polymer mass loss has already occurred. In case of polyimide matrices the effect is more pronounced and the prior polymer loss is lower.
Thermal and thermo-oxidative stability of the epoxy nanocomposite samples filled with nanoD were tested by thermogravimetry (TGA) in nitrogen or in air atmosphere. The results are summarized in Table 1 5 and T 50 . The absolute value of these characteristics in nitrogen atmosphere was higher than in air showing that in air atmosphere besides thermal also oxidative degradation takes place. Concentration dependence of nanoD on thermal stability of the studied samples was not observed, although thermal stability was significantly increased in all cases of the epoxy nanocomposites.
Mechanical properties
Static mechanical properties were performed with the samples containing 0.5 wt% of the filler. The results are summarized in Table 2 together with neat epoxy network and the epoxy-MWCNT nanocomposite for comparison. All the mechanical characteristics, such as the Young's modulus (E) and both the values of stress at break (σ max ) and strain at break (ε max ), increased by the addition of MWCNTs, showing that the addition of the filler improved the strength and the toughness of the material. The addition of nanoD, despite being a material with similar mechanical properties to MWCNTs, had no so significant effect on mechanical properties of the epoxy nanocomposites as MWCNTs. All the values were increased by addition of nanoD to epoxy matrix. Even though, values of E and σ max were lower then values for MWCNT sample. Only value ε max overreached the value of the MWCNT composite.
DMA was used for analysis of thermo-mechanical behaviour of epoxy nanocomposites filled with nanoD in the whole range of studied concentrations. The results are summarized in Table 3 for nanoD and MWCNT composites together with neat epoxy network for comparison. Fig. 3 age modulus G` as a function of temperature. The addition of MWCNT to the epoxy network slightly increased the G' value, however presence of nanoD in the epoxy network leads to a remarkable decrease in modulus. In the case of 0.1 wt% of nanoD nanocomposite the modulus decreased almost by about one order of magnitude. In spite of increasing concentration of nanoD filler, the final value of G` was still bellow the values for neat epoxy network or MWCNT composite for samples filled up to 1 wt% of nanoD.
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Raw nanoD are known for their high affinity to different impurities and their high absorption capability at nanoD surface [2] . In solution, nanoD adsorbs different amino acids. 1 mg of nanoD is capable to adsorb up to 0.5 mg of lysozyme (amino acid) [7] . The observed effect was explained by charge -charge interaction between amino groups of acids and surface of nanoD. Absorption capability of nanoD to amino acids decreased with increasing size of particles in the same work. The other authors [8] suggested that surface properties of nanoD can be also adjusted by appropriate oxygen and hydrogen variations on its surface. In our case the hardener (poly(oxypropylene)diamine) was adsorbed at nanoD surface during sonication of nanoD and the subsequent crosslinking reaction proceeded in a mixture of non-stoichiometric composition. These matrices are characterized by lower values of G`.
With increasing concentration of carbon filler decreased dispersing of nanoD clusters and decreased ratio surface/volume that caused adsorption. Together this effect, nanoD acts as reinforcing filler. The hydrodynamic effect of a filler increases with increasing concentration thus enhancing modulus.
Critical concentration seems to be 1 wt% of nanoD. Similar behaviour -"dual role" of nanoD particles in epoxy matrices was observed recently [5] for nanoD particles with size from 20 to 120 μm. Table 3 shows a decrease in glass transition temperature T g of the nanocomposites as is obvious from the shift of the maximum of loss factor tan δ to lower temperatures. The addition of MWCNT leads to a slight shift, however the effect is more significant in the epoxy-nanoD composites. In this case T g decreases by 17.5 o C. This is a result of plasticization due to presence of high fraction of the sol and due to lower crosslinking density of the network.
CONCLUSIONS
The epoxy nanocomposites filled with nanoD were prepared by sol-gel method and compared with epoxy composites filled with MWCNTs. As a result the nanoD composites show a slight enhancing of tensile properties, but values for Young's modulus and stress at break are lower then values of comparable MWCNT composites. Dynamic-mechanical analysis shows a significant decreasing of storage modulus and glass transition temperature for nanoD samples. However, the addition of nanoD to epoxy network enhanced the thermal stability and makes the nanocomposites transparent at low concentration of the filler in contrast to the MWCNT containing systems.
